A number of mouse models expressing mutant huntingtin (htt) with an expanded polyglutamine (polyQ) domain are useful for studying the pathogenesis of Huntington's disease (HD) and identifying appropriate therapies. However, these models exhibit neurological phenotypes that differ in their severity and nature. Understanding how transgenic htt leads to variable neuropathology in animal models would shed light on the pathogenesis of HD and help us to choose HD models for investigation. By comparing the expression of mutant htt at the transcriptional and protein levels in transgenic mice expressing N-terminal or fulllength mutant htt, we found that the accumulation and aggregation of mutant htt in the brain is determined by htt context. HD mouse models demonstrating more severe phenotypes show earlier accumulation of N-terminal mutant htt fragments, which leads to the formation of htt aggregates that are primarily present in neuronal nuclei and processes, as well as glial cells. Similarly, transgenic monkeys expressing exon-1 htt with a 147-glutamine repeat (147Q) died early and showed abundant neuropil aggregates in swelling neuronal processes. Fractionation of HD150Q knock-in mice brains revealed an age-dependent accumulation of N-terminal mutant htt fragments in the nucleus and synaptosomes, and this accumulation was most pronounced in the striatum due to decreased proteasomal activity. Our findings suggest that the neuropathological phenotypes of HD stem largely from the accumulation of N-terminal mutant htt fragments and that this accumulation is determined by htt context and cell-type-dependent clearance of mutant htt.
INTRODUCTION
Huntington's disease (HD) is caused by expansion of a polyglutamine (polyQ) tract in the N-terminal region of huntingtin (htt) (1, 2) . Htt is a large, 350 kDa protein that is ubiquitously expressed and interacts with many other proteins (3) . However, a pathologic feature of HD is selective neurodegeneration that preferentially occurs in the striatum and extends to various brain regions as the disease progresses (4, 5) . Exactly how mutant htt induces this selective neurodegeneration remains unclear.
Various HD mouse models have been established. These models include transgenic mice (R6/2 and N171-82Q) expressing N-terminal mutant htt (6, 7) , full-length mutant htt transgenic mice [YAC128 (yeast artificial chromosome transgenic mice)] (8), and HD repeat knock-in (KI) mice (9) (10) (11) . HD mouse models provide clear evidence that small N-terminal htt fragments with expanded polyQ tracts become misfolded and form aggregates. Consistently, polyQ-containing N-terminal htt fragments form aggregates in HD cellular models (12) (13) (14) and in HD patient brains (15, 16) .
R6/2 and N171-82Q mice display severe neurological symptoms and earlier death, and stereological analysis revealed that the estimated striatal neuronal count is reduced by 25% in the R6/2 mice relative to wild-type (WT) control mice (17) . Shortstop (SS) mice, which express the first 117 amino acids of htt with a 120-glutamine repeat (120Q), do not show phenotypes despite the presence of abundant htt aggregates in the brain (18) . YAC128 mice express full-length mutant human htt with a 120Q, however, display selective neuronal loss in the striatum and neurological symptoms (8) . Importantly, eliminating caspase-6 cleavage in mutant htt can ameliorate HD pathology in transgenic YAC mice (19) . We have recently established transgenic monkeys expressing exon-1 mutant htt, which exhibit HD-like symptoms and die early (20) . All these facts support the notion that cleavage of full-length mutant htt is a critical step toward HD neuropathology (21, 22) . Although obvious neurological symptoms or neuropathology have not been found in some transgenic mouse models expressing small N-terminal htt fragments (18, 23, 24) , a careful analysis of HD150Q KI mice at 22 months demonstrated that these HD mice develop the wellcharacterized molecular phenotypes seen in R6/2 mice at the age of 12 weeks (25) . Hence an important question is how mutant htt causes the variable neuropathology in different HD mouse models.
In this study, we compared the expression and distribution of transgenic htt in different HD animal models. Our findings show that protein context of htt in HD models greatly influences the accumulation of N-terminal htt and neurological phenotypes. Also, the age-dependent and cell-type-specific accumulation of N-terminal htt fragments correlates with selective neuropathology. These findings offer new insight into the pathogenesis of HD and help us investigate different HD mouse models.
RESULTS

Transcriptional levels of mutant htt in various HD mouse models
We examined several HD mouse models expressing different forms of mutant htt that have been well characterized in terms of their neuropathology and phenotypes (Table 1) . Among these, R6/2 mice express exon-1 (1 -67 amino acids) of human htt containing 115 -150Q under the control of the human HD promoter (6) . N171-82Q mice express the first 171 amino acids of human htt with 82Q under the control of mouse prion promoter (7) . Three YAC transgenic mouse models were also analyzed; these express the first 117 amino acids of human N-terminal htt (SS) (18) , full-length human htt (YAC128) (8) , and caspase-6-resistant full-length mutant htt (C6R) (19) . All of the YAC transgenic mice carry a 120 -133Q repeat in human htt that is expressed under the control of the human HD promoter. In addition, we examined HD150Q KI mice that express full-length mouse htt carrying a 150Q repeat under the control of the endogenous mouse HD promoter (10) . PCR (polymerase chain reaction) genotyping verified that these HD mice have CAG repeat expansions of the expected sizes as reported previously. Due to the instability of the CAG repeat, R6/2 mice maintained by us showed an 110 -120 CAG repeat (Supplementary Material, Fig. S1 ).
We first compared the transcription levels of mutant htt in these mice. Because the sizes of the transcripts for mutant htt in these HD mouse models differ significantly (from exon-1 to full-length) and this size difference can greatly influence RNA (ribonucleic acid) transfer onto the blot membrane and probe labeling intensity, it is difficult to use northern blotting to compare the levels of transcripts of different sizes. Also, detecting exon-1 htt transcript may require a probe that contains the CAG repeat, which would give a different labeling intensity for different repeat lengths. In addition, northern blotting is less quantifiable than quantitative reverse transcription(qRT) -PCR. Given these difficulties with northern blotting, we elected to perform RT -PCR and quantitative PCR to analyze the expression levels of transcripts of mutant htt. We isolated RNAs from the prefrontal cortical region in different HD mice brains that had been frozen and stored at 2808C. RT was carried out using oligo dT, random primers, and primers specific for htt. The housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase, GAPDH) was also amplified in the same reaction to serve as an internal control for assessing the quantity of RNA and to rule out variations due to RNA preparation and PCR amplification.
All the primers used for PCR yielded PCR products lacking the CAG repeat, thereby avoiding any influence of repeat length on PCR efficiency. One set of primers was specific to human htt (459S and 565A Fig. 1A) . The other set of primers was derived from the common sequences of human and mouse htt (670S and 790A Fig. 1A) . Thus, the common primers also amplify the endogenous mouse htt transcripts, which serve as another control for evaluating the relative levels of additional transgenic htt transcripts. Because both exon-1 htt and transgenic htt in SS mice lack such common sequences, their transcriptional levels cannot be detected by the common primers. Controls without reverse transcriptase showed no detectable levels in PCR results with either the primers specific to human htt or the primers common to both mouse and human htt, indicating that the PCR products are derived from transcripts. As expected, use of the primers common to mouse and human htt detected equal levels of endogenous mouse htt in WT, heterozygous or homozygous KI, R6/2 and SS mice brains (upper panel in Fig. 1B) . N171-82Q, C6R and YAC128 transgenic mouse samples showed increased levels of PCR products due to the expression of additional transgenic human htt. The N171-82Q mouse brain sample displayed the highest transcription level, as GAPDH levels are similar among all HD mouse brain samples (upper panel in Fig. 1B) . We then used primers specific for human htt in PCR to analyze the levels of transgenic human htt. Transcripts in N171-82Q mice also appeared to be higher than in other mice, such as SS and R6/2 (lower panel in Fig. 1B) .
To quantify the levels of htt transcripts, we performed realtime PCR using different primers (S1 and A40) that generate small PCR products for quantification and are also capable of amplifying both mouse and human htt. We first verified that quantitative PCR could reveal equal amounts of endogenous GAPDH (lower panel in Fig. 1C ) while detecting different levels of transgenic htt in various HD mouse models (upper panel in Fig. 1C ). Analysis of multiple samples of R6/2 and N171-82Q mice brains confirmed the higher levels of N171-82Q transcripts (Fig. 1D) . With this validation, we performed quantitative PCR and found that WT, heterozygous and homozygous KI mice brains have similar levels of htt. Transcripts of transgenic htt in other HD mouse models are all above the endogenous htt levels seen in WT or KI mice brains. Again, much higher levels of htt transcripts were detected in N171-82Q mice brains (Fig. 1E) . The results suggest that the descending order for levels of transcripts is N171-82Q, YAC128, SS, C6/R and R6/2.
Expression of mutant htt at the protein level in HD mice brains
Next we compared the expression of mutant htt at the protein level in HD mice brains. Because polyQ expansion alters protein conformation and immunoreactivity to antibodies, we employed three commonly used antibodies in western blotting. One is the mouse antibody 1C2, which reacts with expanded polyQ tracts (26) . The second is the mouse antibody 2166, which recognizes an epitope between residues 414 and 503 in htt (27) . The third is rabbit EM48, which was generated previously by us using the first 256 amino acids of truncated htt without the polyQ tract (16) . As expected, 1C2 only recognized mutant htt with an expanded polyQ, as the same immunoreactive products were not present in the WT mouse sample ( Fig. 2A) . Noticeably, there were multiple smaller 1C2 fragments in all HD mice that express full-length mutant htt, supporting the previous findings that cleavage and processing of mutant htt yield multiple N-terminal htt fragments (19, 21, 22, 28) . The sizes of N-terminal htt fragments in C6R brains appear to be larger than those in YAC128 brains. This is because the CAG repeat in the transgenic htt gene in C6R mice is larger than that in YAC128 mice (Supplementary Material, Fig. S1 ), such that the resulting larger polyQ tract yielded slower migration of htt fragments in the SDS gel. Small bands (65 and 55 kDa) in YAC128 and C6R The mouse antibody 2166 has also been widely used to detect mutant htt. However, there is no size difference in a number of small immunoreactive bands between WT and HD mice brains (Fig. 2B ). This suggests that 2166 is unable to specifically recognize N-terminal htt fragments containing a polyQ repeat. Despite this, this antibody appears to react equally with full-length normal and mutant htt (lower panel in Fig. 2B ), as similar 2166 immunoreactive signals for normal and mutant htt were seen in a heterozygous KI mouse brain that carries a single copy of normal and mutant htt gene. Based on this and the weaker 2166 staining of mutant htt in full-length htt transgenic mice, the level of fulllength mutant htt in YAC128 and C6R mice does not appear to exceed the level of endogenous full-length mouse htt.
EM48 also labeled transgenic full-length htt in YAC128 mice brains on the western blot, but not endogenous mouse htt and mutant htt in HD150Q KI mice (Fig. 2C ), suggesting that it preferentially reacts with human mutant htt; its western blot also shows that C6R mice carry a larger polyQ tract in transgenic htt at a lower level than do YAC128 mice. EM48 was unable to detect smaller htt products that can be seen with 1C2 staining. Using mouse EM48 (mEM48), we also obtained a similar result (data not shown). mEM48 appeared to label truncated htt better on western blots and strongly labeled misfolded or aggregated htt that remained in the stacking gel ( Fig. 2C right panel) . In contrast to 1C2, mEM48 labeled more intensively htt in R6/2 mouse brain than SS htt. It also detected the soluble htt fragments in N171-82Q mouse brain. Although the soluble form of SS htt is clearly detected by 1C2 and EM48 and carries more polyQ repeats than N171-82Q htt, mEM48 labeled more aggregated htt in N171-82Q mice than in SS mice. Thus, protein context clearly determines the aggregation of mutant htt in the brain.
Cellular localization of mutant htt in HD mouse brain
We next performed immunostaining of HD mice brains using rabbit EM48, which is more specific to polyQ-expanded htt in immunohistochemisty. We focused on the cerebral cingulate cortex, dorsomedial striatum, and white matter in the corpus callosum to compare the expression of mutant htt in these regions. At 12 months of age, mutant htt in full-length htt mouse models accumulates abundantly in the nucleus, allowing for a definitive comparison of the accumulation of N-terminal htt fragments. Rabbit EM48 is able to react with htt aggregates in immunohistochemistry, despite its negative staining of mouse mutant htt on western blots. Lowmagnification (Â10 objective lens) micrographs show significant EM48 labeling of the cortex and striatum of HD150Q KI mice compared with WT mice (Supplementary Material, Fig. S2 ). As htt is also expressed in glial cells (29) , the white matter of HD150Q KI mice shows clear EM48 labeling. Because EM48 labels human htt much better than mouse htt, its staining is more pronounced in YAC128 mice than in KI mice. As reported previously (19) , C6R mice brains display delayed nuclear accumulation of mutant htt as compared with YAC128 mice brains (Supplementary Material, Fig. S2A ). For transgenic mice expressing N-terminal mutant htt, EM48 immunohistochemistry labeled the brains of R6/2 mice most intensively. It also intensively labeled N171-82Q mice at the age of 4 months. SS htt transgenic mice, however, show only weak EM48 labeling at 3 months. , and EM48 (C) antibodies. KI, HD150Q knock-in; YAC, YAC128 transgenic mice; C6R, caspase-6-resistant YAC transgenic mice; SS, shortstop. R6/2 (1-month-old) and other HD mice (3-month-old) were examined. For 1C2 and 2166 immunoblots, short exposed blots (lower panels) are shown to distinguish between endogenous and transgenic htt (arrows). mEM48 was used for immunostaining of N-terminal htt fragments, and the blot was also probed with anti-tubulin.
Even at the age of 12 months, EM48 staining in SS mice is still weaker than in N171-82Q and R6/2 mice (Supplementary Material, Fig. S2B ). This difference also confirms the western blotting result that showed less aggregated htt detected in SS mice (Fig. 2) .
Higher magnification (Â40 objective lens) micrographs show that mutant htt forms neuronal nuclear inclusions and neuropil aggregates and also accumulates in glial cells in the white matter of YAC128 mice (Fig. 3A) . The presence of htt aggregates in glial cells has been revealed by immunofluorescent double staining and electron microscopy in our previous study (29) . Similar staining patterns were found in C6R mice and YAC128 mice. Under the same staining conditions, EM48 labeled htt aggregates in KI mice, but more diffuse nuclear EM48 labeling was seen in YAC128 mice, again suggesting that EM48 is more sensitive to mutant human htt.
In transgenic mice expressing N-terminal mutant htt, the strongest EM48 staining is seen in the cortex, white matter, and striatum in R6/2 mice brains (Fig. 3B) . In N171-82Q mice, EM48 labeling was primarily localized to neuronal cells, with no specific labeling of white matter. This difference is perhaps due to the use of the neuronal prion promoter in N171-82Q mice, which drives transgenic htt expression primarily in neurons. Although SS mice do show weaker EM48 staining, EM48-positive nuclei were present in neuronal and glial cells.
We also performed immunostaining with 1C2, which reacts with the polyQ domain, an epitope that is different from the Fig. S3 ). Basically, HD mice expressing N-terminal mutant htt, such as R6/2 and SS mice, display nuclear htt staining in neuronal cells and glial cells. N171-82Q mice only show 1C2 labeling in neuronal cells, though their 1C2 signal is stronger than that in SS mice (Fig. 4) . For HD mice expressing full-length mutant htt, YAC128 mice show the most intensive nuclear 1C2 staining compared with the other mice. 1C2 labeling is present in neuronal nuclei, neuropils, and glial cells in YAC128, C6R and HD150Q KI mice brains (Fig. 4) . High magnification micrographs of EM48 staining at Â63 clearly show nuclear htt and neuropil aggregates in the striatum of R6/2 and N171-82Q mice (Fig. 5A) . As only N-terminal mutant htt fragments form aggregates, the density of htt aggregates in the nuclei and neuronal processes reflects the accumulation of N-terminal mutant htt fragments. Again, the striatum of SS mice show fewer htt aggregates than that of R6/2 and N171-82Q mice. For mouse models expressing full-length mutant htt, YAC128 mice display more aggregates in the nuclei and neuropil than HD150Q KI mice under the same immunostaining conditions. Compared with neuronal htt aggregates, mutant htt forms much smaller aggregates in glial cells (Fig. 5B ). Since the transcriptional levels and polyQ repeats of full-length mutant htt in YAC128 and HD150Q KI mice are not markedly different, the difference between EM48 or 1C2 immunohistochemistry in these mouse models suggests that human and mouse htt sequences confer different immunoreactivity to EM48 and 1C2. 
Expression of N-terminal htt fragments in transgenic monkeys
We recently established transgenic rhesus monkeys that express exon-1 htt containing a 65-88Q tract under the control of the ubiquitin promoter (20) . Using the same transgenic strategy to introduce mutant htt genes into monkey oocytes, we also expressed exon-1 htt with a 147Q tract in transgenic monkeys. While transgenic monkeys expressing the shorter polyQ tracts (65 -88Q) could develop to full term or survived after birth (20) , transgenic monkeys expressing a large repeat (147Q) died after 4 months gestation, well before full-term fetal development at 5 months, indicating toxicity from the large polyQ tract. Examining the brains of two 150Q transgenic monkeys (rHD147Q-2 and -3) revealed the widespread expression of mutant htt in various brain regions, including the striatum and cortex (Fig. 6A) . The distribution and accumulation of mutant htt in 147Q transgenic monkey brains are virtually the same as in the 65-88Q transgenic monkeys (20) . However, there were some interesting phenomena observed in the HD monkey brains. First, we did not find large EM48-positive nuclear inclusions, as seen in HD patients and mouse models. Instead, mutant htt is quite diffuse and abundant in the nucleus of transgenic monkey brains (Fig. 6B -D) . As fetal brain development in the monkey takes much longer time than in rodents (5 months versus 21 days), mutant htt only form large nuclear aggregates in adult neurons in primates. Second, we observed many aggregates outside the cell body, which likely localize to neuronal processes. Many neuronal processes show discontinued EM48 staining with aggregates, suggesting that they are fragmented axons or dendrites ( Fig. 6C -E) . Noticeably, mutant htt forms aggregates in the distal region of axonal-like processes 2744
that show swelling and fragmentation ( Fig. 6C -E) . This evidence suggests that the accumulation of N-terminal htt fragments in axons or dendrites can lead to the disruption of the integrity of neuronal processes.
Accumulation of N-terminal htt fragments in striatal neurons
To more quantitatively assess the accumulation of N-terminal mutant htt in HD brains, we used fractionation and western blotting to analyze the levels of N-terminal htt fragments in HD150Q KI mice. These mice express full-length mutant htt under the control of the endogenous mouse htt promoter, and thereby avoid the potential influence due to the chromosomal integration of transgenic DNAs. We first examined the cerebral cortex from HD150Q KI mice at 4, 14 and 24 months of age. Western blotting was performed using 1C2, as this antibody specifically detects mutant htt (Fig. 7A) . Full-length mutant htt was found in the total cell lysates (T), cytosolic fraction (C) and synaptosomal (S) fractions. The minimum level of full-length mutant htt was seen in the nuclear fraction, and the highest level in the cytosolic fraction, supporting the idea that full-length htt is predominantly distributed in the cytoplasm. As age increases, more N-terminal htt fragments were found in older HD150Q KI mice. In addition, more N-terminal htt fragments accumulate in the fractions isolated from HD150Q KI striatal tissues, and this accumulation is age-dependent, or correlates with disease progression (Fig. 7B ). These findings are consistent with the preferential accumulation of mutant htt in the nuclei of striatal neurons in HD mice expressing full-length htt (9, 10, 30, 31) . The accumulation of more htt fragments in the striatum suggests that straital neurons may have a decreased capacity to remove toxic htt fragments. As the ubiquitin-proteasomal system (UPS) plays a critical role in clearing polyQ proteins (1,32,33), we compared the proteasomal (chymotrypsin-and trypsin-like) activity in the cortical and striatal regions and found there is an age-dependent decrease of proteasomal activity in the brain (Fig. 8A -B) . We did not observe any significant difference in proteasomal activity between WT and HD KI mice brains. Importantly, both chymotrypsin-and trypsin-like activity is significantly lower in striatal tissue than in cortical tissue from WT or HD KI mice brains (Fig. 8A -B) . However, biochemical assay of brain homogenates derived from mixed populations of cells cannot define UPS activity in neurons. We therefore cultured primary neurons from the rat striatum and cortex and expressed a UPS function reporter (GFPu), a green fluorescent protein that carries the sequences for UPS-mediated degradation (32) , in cultured neurons via adenoviral infection. For the control, we co-expressed red fluorescent reporter (RFP) that does not carry the UPS degradation sequences. Thus, the increased ratio of GFPu to RFP reflects decreased UPS activity in cultured neurons and is unlikely influenced by transgene expression variation in different cells. Using this assay, we also found that striatal neurons display decreased UPS activity as compared with cortical neurons (Fig. 8C) . Quantitative analysis of the ratio of GFPu to RFP verified that striatal neurons show increased GFPu/RFP (1.18 + 0.09 mean + SE, n ¼ 13) compared with cortical neurons (0.59 + 0.02 mean + SE, n ¼ 13, P , 0.001). As the increased GFPu/ RFP ratio reflects decreased proteasomal activity, these findings suggest that the accumulation of N-terminal htt fragments is determined by cell-type-dependent clearance of mutant htt.
DISCUSSION
In the present study we compared the expression of mutant htt in different HD mouse models under the same experimental conditions. Such comparison revealed several interesting findings. First, the transcription levels of mutant htt do not necessarily correlate with the protein levels of mutant htt or the abundance of htt aggregates. Secondly, although the protein Figure 7 . Accumulation of N-terminal htt fragments in the brains of HD150Q knock-in mice. (A and B) Western blotting of total cell lysates (T) and cytosolic (C), synaptosomal (S), and nuclear (N) fractions from the cerebral cortex (A) and striatum (B) of HD150Q KI mice at 4, 14 and 24 months of age. The blots were probed with 1C2 antibody for htt and antibodies for the cytoplasmic protein GAPDH, the synaptic protein syntaxin, or the nuclear protein TBP. levels of mutant htt are in general correlated with the reported severity of neurological symptoms in HD mice, it is protein context that appears to influence htt distribution and neurological symptoms far more. Thirdly, the preferential accumulation of N-terminal htt fragments in the striatum is the likely cause of selective vulnerability seen in the striatum in HD.
Our RT -PCR analysis revealed that N171-82Q mice, among all the HD mice examined, express the highest level of transcripts, suggesting that the prion promoter may drive transgene expression more efficiently than other promoters. However, western blots probed with 1C2 or EM48 did not reveal a high level of the N171-82Q protein. Schilling et al. (7) used Rather, the protein context of N-terminal htt fragments is important for their processing, subcellular localization, and aggregation in the brain. There is no dramatic difference in the expression levels of full-length mutant htt between YAC128 and HD150Q KI mice. The amino acids of human and mouse htt share 91% identity (34) . Since YAC128 mice express human htt, whereas HD150Q KI mice express an expanded polyQ tract in endogenous mouse htt, the protein context of mutant htt in these mice could account for the differences in neuropathology. In addition, chromosomal position of transgenic htt and two copies of the endogenous mouse htt gene in YAC transgenic mice could also influence the expression of transgenic htt and its related neurological phenotypes. Protein context has been shown to be an important influence on the neuropathology of HD mice (35) . It is evident that smaller htt fragments are prone to misfolding and aggregation, and also more toxic than full-length mutant htt (36) . Consistently, R6/2 and N171-82 mice develop more severe neurological symptoms and die earlier. Further, C6R mice expressing full-length mutant htt, in which the caspase-6 cleavage site is mutated, show delayed nuclear accumulation of htt without obvious neuropathology (19) . Removal of the caspase-6 site in htt could alter htt proteolysis by other proteases, conformation, and/or interactions with other proteins, leading to a protective effect (37) . These findings also support the idea that protein context determines the accumulation and toxicity of mutant htt. In support of this idea a previous study reported that although 1C2 western blotting demonstrates a much higher level of mutant htt in HdhCAG(150) or HD150Q KI mouse brain than that in HprtCAG(146) KI mouse brain that expresses a small expanded polyQ fragment, HprtCAG(146) mice show a more widespread accumulation of nuclear polyQ aggregates and severe neurological phenotypes (38) .
Our results demonstrated that small N-terminal htt fragments are capable of accumulating in the nucleus and neuronal process to form aggregates that are recognized by EM48 and 1C2. Consistently, the brains of HD mice that have more severe neurological phenotypes show more accumulation of N-terminal htt fragments at an earlier age. For example, R6/ 2 and N171-82Q display more htt aggregates in their brains at much earlier ages (4 -12 weeks). In contrast, transgenic mice, which express N-terminal htt but show obvious aggregates at 6 months of age or later, do not suffer early death and severe symptoms (18, 23) . For HD mice expressing full-length mutant htt, YAC128 mice demonstrate more severe phenotypes and earlier nuclear htt accumulation than C6R mice and HD KI mice. It should be pointed out that htt aggregates are not necessarily causative of neuropathology and symptoms; soluble mutant htt can induce neuropathology prior to the formation of aggregates, and htt aggregates are found in mice that do not show obvious clinical symptoms (18, 23, 24) . Neurological symptoms can also be detected prior to the formation of htt aggregates in the nuclei (8, 11) . In addition, cytoplasmic mutant htt forms neuropil aggregates and can elicit neurological symptoms (39) . Consistently, HD mice showing more severe neurological phenotypes also display more abundant neuropil aggregates. The abundance of htt aggregates reflects the accumulation of N-terminal htt fragments, and some N-terminal htt fragments have been shown to be toxic in R6/2 and N171-82Q mice.
The accumulation of N-terminal mutant htt fragments is not limited to neuronal nuclei and processes, but also occurs in glial cells (29) . It should also be pointed out that overexpression of N-terminal htt fragments in neurons is sufficient to induce neuropathology in N171-82Q mice (7). However, given the important role of glial cells and cell -cell interactions in HD (23), HD pathology is also determined by cell-type-specific effects of mutant htt, in addition to the accumulation of toxic htt fragments.
Examining the brains of transgenic HD monkeys that express exon-1 mutant htt also revealed an abundant accumulation of transgenic htt. These monkeys died following a premature birth at 4 months gestation. Although the cause of the deaths remains to be determined, it is clear that a large polyQ tract leads to earlier death in transgenic monkeys. The finding also indicates that N-terminal htt fragments are toxic and pathogenic. Although we did not observe the large nuclear inclusions in HD monkey brains, our recent studies using western blotting have revealed the presence of misfolded or oligomerized htt in transgenic monkey brains (20) . Importantly, transgenic monkey brain samples provided clear evidence for the axonal degeneration-like phenomenon that is closely associated with the accumulation of mutant htt in neuronal processes. This finding also supports the early observation of axonal degeneration in HD mouse models (30, 35) and in HD patient brains (16, 40) . Such pathological changes are likely due to the effects of mutant htt on axonal trafficking (41 -45) and nerve terminal function (3, 46) .
In the present study we also verified that multiple N-terminal htt fragments are generated in the brains of mice expressing fulllength mutant htt. Some of these fragments are apparently larger than exon-1 htt and N171-82Q htt. Because these htt fragments contain different amino acids, their protein context is likely to influence their processing, localization, clearance, and toxicity. Given that both exon-1 and N171-82Q htt, which lack the conserved nuclear localization sequences, can abundantly accumulate in the nucleus to form aggregates, it is likely that small htt fragments passively enter the nucleus, and an expanded polyQ prevents their export (47) . The presence of full-length mutant htt in synaptosomes also supports the idea that htt can be transported in neuronal processes (41, 48) or plays a role in axonal trafficking (49) .
In HD KI and YAC128 mice, the striatum displays a much earlier nuclear accumulation of mutant htt and more aggregates than other brain regions (9, 10, 30, 31) 
of mutant htt in the striatum is well correlated with the preferential neuronal loss seen in the striatum of HD patients. Fractionation of HD150Q KI mice offers biochemical evidence for the increased accumulation of htt fragments in medium spiny neurons, the major population of neurons in the striatum. As multiple htt fragments are accumulated, a possible mechanism is that medium spiny neurons are less able to clear misfolded htt and htt fragments. While the UPS activity in the HD mouse brain is not decreased as compared with normal mice (50, 51) , striatal proteasomal activity is intrinsically lower than cortical UPS, a phenomenon that is also observed in normal rat brains (52) . Using the GFPu reporter, we confirmed that isolated striatal neurons show less UPS activity than cultured cortical neurons. Given that the medium spiny neurons are more vulnerable to excitotoxicity and oxidative stress (53) and that oxidative stress can impair UPS function (54), the UPS activity in striatal neurons may be more readily decreased during aging. As HD mice expressing full-length mutant htt show the preferential accumulation of mutant htt in striatal medium spiny neurons, the age-dependent and intrinsic lower UPS activity in medium spiny neurons is more likely to be important for the accumulation of degraded htt products that are generated from full-length mutant htt via proteolysis. Although it remains to be investigated whether there is cell-type-specific processing of mutant htt in striatal neurons, the finding that N-terminal mutant htt fragments preferentially accumulate in striatal neurons implies a pathogenic mechanism for HD.
Findings from the present studies also promise to aid in evaluating possible therapeutic effects based on the expression and distribution of mutant htt in different HD mouse models.
MATERIALS AND METHODS
Animals
Hdh(CAG)150 KI (HD150Q KI) mice were generated previously (10) and maintained on the SV129/B6 background. Transgenic mice expressing a 171-amino-acid N-terminal fragment htt containing an 82-polyQ (82Q) stretch (N171-82Q-81 line) under the mouse prion promoter (7) were maintained on a hybrid (B6C3F1/J) background. Transgenic mice (R6/2) were generated using a human htt promoter to express exon-1 mutant htt and were maintained on the CBAÂC57BL/6 background (6). R6/2 and N171-82Q mice were obtained from The Jackson Laboratory, and HD150Q KI mice were bred and maintained in the animal facility at Emory University in accordance with institutional guidelines. YAC128, SS and C6R transgenic mice, which express human mutant htt, were generated on the FVB/N background (8, 18) and maintained at the University of British Columbia, Vancouver, BC, Canada. Transgenic rhesus monkeys were generated as described recently (20) . Basically, lentiviruses carrying exon-1 of the htt gene containing 147 CAG repeats and the GFP gene under the control of the ubiquitin promoter were microinjected into the perivitelline space of metaphase II-arrested oocytes from rhesus monkey, followed by in vitro fertilization and embryo transfer into surrogate females. Using EM48 immunohistochemistry we examined the brains of two transgenic monkeys, which were born prematurely at 4 months gestation (prior to full-term of 5 months) and died after birth.
Antibodies and reagents
Rabbit (EM48) and mouse (mEM48) antibodies against N-terminal human htt were generated previously (16, 28) . Antibodies against an internal epitope of htt (2166) and expanded polyQ (1C2) and GAPDH were obtained from Chemicon (Temecula, CA, USA). Other antibodies used were against the following proteins: a-tubulin (Sigma, St Louis, MO, USA), syntaxin (Sigma), and TBP (Santa Cruz, CA, USA). Secondary antibodies were peroxidase-conjugated donkey anti -mouse, -rabbit, -rat, -guinea pig, -goat, or -sheep IgG (H þ L) from Jackson ImmunoResearch (West Grove, PA, USA; all used at 1:5000).
PCR and qRT-PCR
Genotyping of transgenic mice expressing mutant human htt was performed using the sense primer HD-32S: 5 0 -CTACGA GTCCCTCAAGTCCTTCCAGC-3 0 and the antisense primer HD177A: 5 0 -GACGCAGCAGCGGCTGTGCCTG-3 0 , which flanked the CAG repeat and specifically amplified human htt. For genotyping of HD 150Q KI mice, the primers (OPD-8, 5
0 -CCCATTCATTGCCTTGCTG-3 0 and HD 01-3, 5 0 -GCG GCTGAGGGGGTTGA-3 0 ) were used. These primers amplify normal and transgenic mouse htt sequences. For RT-PCR, total RNA was isolated from mouse cortex with the RNeasy Lipid Tissue Mini Kit (Qiagen Inc., CA, USA). RT reactions were performed with 2 mg of total RNA and the Superscript First-Strand Synthesis System Kit (Invitrogen, Carlsbad, CA, USA) using Oligo dT, random primers, and primers for htt. Primers specific for human htt were 459S 5 0 -GCCGCCTCC TCAGCTTCCTCAG-3 0 and 565A 5 0 -GTCGGTGCAGCGGC TCCTC-3 0 . Primers universal for both mouse and human htt were 670S 5 0 -AACTCTCCAGAATTTCAGAAAC-3 0 and 79 0A 5 0 -GAAGATTAGAATCCATCAAAGC-3 0 . Primers for GAPDH were GAPDH-141S 5 0 -ACGACCCCTTCATTGAC CTC-3 0 and GAPDH-498A 5 0 -GGGGGCTAAGCAGTTGGT GG-3 0 . PCR was carried out in a 25 ml reaction volume. The following PCR conditions were used for mouse and human htt: 948C for 3 min, followed by 30 cycles of 45 s at 948C, 45 s at the annealing temperature 558C, and 60 s at 728C. For specific amplification of human htt, the annealing temperature was 648C. The last cycle was followed by a final elongation step at 728C for 10 min.
Htt mRNA levels in different mouse models were also determined in triplicate by quantitative fluorogenic RT (qRT)-PCR using the reverse transcripts described earlier.
The quantitative PCR requires amplification of smaller PCR products (60 nucleotides) for quantification, such that the following primers were used: primers specific for mouse and human htt were HD1S (forward) 5 0 -ATGGCGACCCT GGAAAAGCT-3 0 and HD40A (reverse) 5 0 -TGCTGCT GGAAGGACTTGAG-3 0 ; GAPDH mRNA expression served as an internal control and was detected with the forward primer (GAPDH-530S 5 0 -CTCGCCAAGGTCATCCAT GA-3 0 ) and the reverse primer (GAPDH-577A 5 0 -TGAT GGCATGGACTGTGGTC-3 0 ). qRT -PCRs consisted of 4 ml of diluted cDNA reaction mixture (equivalent to 3 ng of RNA template), 12.5 ml of Power SYBR Green PCR Master Mix (Applied Biosystems), and 200 nM of each forward and reverse primer in a final volume of 25 ml. The qRT -PCR 
Subcellular fractionation and western blotting
Mice were sacrificed by cervical dislocation and their cortices were used to isolate cytoplasmic, nuclear, and synaptosomal fractions via the previously described method (55) . Cortical or striatal tissues from HD KI mice and control littermates were homogenized in homogenizing buffer (0.3 g/ml in 225 mM mannitol, 75 mM sucrose, 10 mM MOPS, 1 mM EGTA, 1:1000 protease inhibitor cocktail, pH 7.2.) at 48C using a Teflon-glass homogenizer. Fifty ml of the homogenate was served as total cell lysate. The remaining homogenate was centrifuged at 1300 g for 5 min to yield the crude nuclear pellet (P1). The supernatant (S1) was transferred to a new tube and centrifuged at 13000 g for 15 min, resulting in the cytosolic fraction (S2). The resulting pellet (P2) was resuspended in 15% Percoll in homogenizing buffer and carefully layered over a 26 and 40% discontinuous Percoll gradient in ultracentrifuge tubes. The gradient was centrifuged at 44500 g at 48C for 25 min. The synaptosomal layer (at the interface of 15 and 26% Percoll layers) was removed, washed with homogenizing buffer, and resuspended in RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA pH 8.0, 1 mM EGTA pH 8.0, 0.1% SDS, 0.5% DOC, 1% Triton X-100). Crude nuclei (P1) were washed once each with buffer A (250 mM sucrose, 25 mM KCl, 5 mM MgCl 2 , 10 mM HEPES, 0.6% NP40) and buffer B (250 mM sucrose, 10 mM KCl, 10 mM MgCl 2 , 10 mM HEPES), then resuspended in RIPA buffer. All fractions were assayed for protein amount using a detergent-compatible protein assay kit (Bio-Rad). Twenty mg of proteins from each of whole cell lysates, cytosolic, synaptosomal, and nuclear fractions were subjected to western blotting. The fractions were dissolved in SDS sample buffer and resolved by electrophoresis with a 4 -12% tris-glycine acrylamide gel. Western blotting was performed with antibodies 2166 (1:1000), anti-syntaxin (1:5000), rabbit EM48 (1:800), 1C2 (1:5000), anti-GAPDH (1:3000), and anti-TBP (1:2000) .
Assays of the ubiquitin-proteasomal activity
For determining proteasome activity, clear whole-cell extracts were adjusted to 0.5 mg/ml total protein by dilution with homogenization buffer. All assays were done in triplicate.
Chymotrypsin-like activity of 20S b5 was determined using the substrate Suc-LLVY-aminomethylcoumarin (AMC) (Bilmol; 40 mM) and trypsin-like activity of 20S b2 was determined using the substrate Boc-LRR-AMC (Bilmol; 100 mM). Equal amounts (10 mg) of the extracts were incubated with corresponding substrates in 200 ml proteasome activity assay buffer [0.05 M Tris-HCl, pH 8.0, 0.5 mM EDTA, 1 mM ATP, 1 mM DTT] for 30-60 min at 378C. The reactions were stopped by adding 0.8 ml of cold water and placing the reaction mixtures on ice for at least 10 min. The free AMC fluorescence was quantified using the CytoFluor multi-well plate reader (FLUOstar, BMG) with excitation and emission wavelengths at 380 and 460 nm, respectively. All readings were standardized using the fluorescence intensity of an equal volume of free 7-amino-4-methyl-coumarin (AMC) solution (40 mM), normalized by the protein concentrations and expressed as nmol/min/mg protein (28) .
To determine proteasomal activity in cultured neurons, a CL-1 degron sequence (32) was added to the C-terminus of GFP in the PRK vector to generate PRK-GFPu construct. cDNA sequences for DsRed (RFP) were used to replace GFPu to generate PRK-RFP construct. The DNA fragments encoding these reporters were inserted into the shuttle vector of the pAdEasy vector system for expressing adenoviral reporters (Qbiogene, Carlsbad, CA). Adenovirus amplification, purification, and infection of cultured neurons were performed according to the method used in our previous study (29, 46) . All viral stocks were adjusted to 10 9 VP/ml. Fluorescence micrographs were taken using a Zeiss microscope (Axiovert 200 MOT) equipped with a digital camera (Orca-100; Hamamatsu, Bridgewater, NJ, USA). Quantification of fluorescence signals of cultured cells was performed using the Openlab software (Improvision, Lexington, MA, USA).
Statistical analysis
Data are expressed as mean + SE and were analyzed using student's t-test for statistical significance (P , 0.05) with Prism software (version 4, GraphPad Software, San Diego, CA, USA). The specific tests used are noted in the text and figure legends.
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